An antiserum against the crustacean neuropeptide pigmentdispersing hormone stains a small set of neurons in the optic lobes of several hemimetabolous and holometabolous insects. These cells, the primary branches of which in the optic lobe lie in the accessory medulla, fulfill several criteria predicted for neurons of the circadian clock. For example, in fruit flies they express timeless and period, which are two molecular components of the circadian pacemaker.
The temporal structure of physiological and behavioral states is probably organized by internal clocks in all organisms. In the circadian system, this clock comprises a circadian pacemaker, which generates an endogenous rhythm of about 24 hr. The circadian system also includes an entrainment pathway for the synchronization with zeitgebers and output pathways to effector organs.
Lesion studies have localized bilaterally paired circadian pacemakers in the optic lobes, ventrally between medulla and lobula of orthopteromorph insects such as the cockroach Leucophaea maderae (Nishiitsutsuji-Uwo and Pittendrigh 1968a,b; Roberts 1974; Sokolove 1975; Wills et al. 1985 ; for review, see Page, 1985; Chiba and Tomioka, 1987) . These mutually coupled pacemakers control the phase and the period of the circadian locomotor activity rhythm as well as circadian changes in the sensitivity of the compound eyes (Page et al., 1977; Page, 1978 Page, , 1982 Page, , 1983a Wills et al., 1985; Page, 1989, 1990) . Both pacemakers can be entrained by photoreceptors in or near the compound eyes (Roberts, 1965; Nishiitsutsuji-Uwo and Pittendrigh, 1968a; Page et al., 1977; Page, 1983a,b) and receive coupling input from the contralateral pacemaker (Page, 1981) . However, the neuronal substrate of the circadian pacemaker and its input and output pathways remain elusive.
A small discrete neuropil was discovered in the region where the lesion studies had located the circadian clock in hemimetabolous insects (Homberg et al., 1991) . This neuropil, which was termed the accessory medulla (AMe), is innervated by a small group of neurons with adjacent somata, which are immunoreactive with an antiserum against the neuropeptide pigmentdispersing hormone (PDH) (Homberg et al., 1991) . These PDHimmunoreactive neurons fulfill morphological criteria predicted for elements of the circadian system such as the specific location of their somata and primary branching areas in the optic lobes and arborizations in several areas of the midbrain (Sokolove, 1975; Page, 1985; Homberg et al., 1991; Nässel et al., 1991; Stengl and Homberg, 1994) . Mass-staining techniques such as immunocytochemistry, however, cannot discern the branching patterns of individual PDH-immunoreactive neurons. Intracellular recordings and Lucifer yellow staining of single neurons suggest that individual PDH-immunoreactive neurons differ in their morphologies and functions (Würden and Homberg, 1994; Lösel and Homberg, 1996) . Recent experiments in cockroaches, crickets, and flies suggest the following functions for different individual PDH-immunoreactive neurons: (1) they could be the neurons of the light entrainment pathway (Homberg et al., 1991; Würden and Homberg, 1994; Lösel and Homberg, 1996) ; (2) they could be output pathways to the effectors of the clock (Helfrich-Förster and Homberg, 1993; Stengl and Homberg, 1994; Meinertzhagen, 1995, 1996; Stengl, 1995; Meinertzhagen and Pyza, 1996; Helfrich-Förster, 1997) ; (3) they may couple the bilaterally paired optic lobe pacemakers (Stengl and Homberg, 1994) ; and (4) they may themselves be an integral part of the pacemaker (Helfrich-Förster, 1995) .
This study examines the functions of PDH, the presumptive neurotransmitter and neuromodulator of PDH-immunoreactive neurons, via injection of a peptide into the vicinity of the AMe. We show that PDH specifically shifts the phase of the pacemaker that drives the circadian wheel-running activity rhythm of L. maderae. Our results cannot distinguish between the functions of different individual PDH-immunoreactive neurons, but they suggest that at least some of these neurons are an integral part of the pacemaker and /or part of a nonphotic input. Figure 1 . Records of circadian wheel-running activity and plots of activity onsets from cockroaches kept in constant darkness. A, B, After an injection of 46 fmol of synthetic PDH in 0.5 nl of saline at C T 13:00 of day 19 (arrowhead), regression analysis through consecutive activity onsets (B) reveals a resulting phase delay of Ϫ0.4 circadian hr (h CT ) after the injection. C, D, Injection of 46 fmol of synthetic PDH in 0.5 nl of saline at C T 9:00 of day 12 (arrowhead) induces a phase delay of Ϫ4.3 circadian hr (h CT ). A-D, In both experiments, no effect on the period of the activity rhythm is apparent. x-axis, Time of the day; y-axis, days.
MATERIALS AND METHODS
Beavioral assays and data analysis. L. maderae cockroaches were reared in laboratory colonies at 30°C, 30% humidity, and light/dark cycles of 12:12 hr (with lights on from 6 A.M. to 6 P.M.). Only males were chosen for the experiments (n ϭ 141), because they expressed a more robust circadian locomotor activity rhythm than females. Behavioral analysis was performed in constant darkness (DD), at constant temperature (28 Ϯ 0.5°C), and constant humidity (70%). Experimental animals were continuously provided with food (dry rat pellets) and water. Locomotor activity was recorded in running wheels (modified from running wheels provided by Dr. Wolfgang Engelmann, University of Tübingen, Tübingen, Germany; described by Wiedenmann, 1977) equipped with a magnetic reed switch. One revolution of the running wheel resulted in one impulse. The impulses were continuously counted by a microcomputer in 1 min intervals and condensed and processed by custom made PC-compatible software (developed by H. Fink, University of Konstanz, in collaboration with Drs. M. Stengl and F. Wollnik) . This software allows an on-line visualization of the raw data in activity histograms as well as 2 periodogram analysis. The data were plotted in double plot activity histograms. The heights of the bars represent the number of revolutions per 5 min; they were cut off at 30 rpm.
The free-running period, , and the induced phase shifts were estimated by converting the raw data into ASCII format. They were then merged into 20 min intervals and analyzed with CHRONO II software (generously provided by Dr. Till Roenneberg; see Roenneberg and Morse, 1993) on an Apple Macintosh computer (data were obtained from 104 animals). The remaining 37 animals were excluded from further analysis because they showed little activity after the injection or died within 1 week after the operation.
The free-running period before and after the injection was calculated by linear regression through daily activity onsets and by 2 periodogram analysis (Sokolove and Bushell, 1978; Enright, 1965) . Changes in free-running period (⌬ ϭ after Ϫ before ) were calculated with periods estimated by regression through activity onsets. Phase shifts (⌬) were estimated by measuring the time difference between the regression lines before and after the injection extrapolated to the day of the treatment ( Fig. 1 ). These phase shifts were then normalized with respect to the free-running period before the treatment. Phase delays are plotted as negative values, and phase advances are plotted as positive values. Daily activity onsets were determined by CHRONO II (see Roenneberg and Morse, 1993) . The time on the x-axis was indicated as circadian time (C T), with C T 12:00 ϭ activity onset ϭ beginning of the subjective night.
The microinjection data were merged into 2 hr intervals, and the means, SEM, and SD were calculated. Changes in phase and period in a given interval were considered significantly different from 0 when the calculated 95% confidence interval (CI) of that interval did not contain the value 0 (Sachs, 1969) . The phase-response curves were analyzed by one-way ANOVA with Scheffé's multiple range test. Significance in all cases was defined as p Ͻ 0.05. Statistical analyses were performed with Superior Performing Software Systems (SPSS Inc.) on a personal computer.
Operation and injection.All manipulations were performed in dim red light at room temperature (25°C) with a Microinjector (model 5242; Eppendorf, Hamburg, Germany). Experimental animals were removed from the running wheels and mounted in metal tubes at different times during the circadian cycle. After anesthetizing them with CO 2 , a small window was cut into the head capsule, and the optic lobe was revealed by moving the trachea, ocellus, and fat body carefully to the side. The neurolemma of the optic lobe was penetrated with a borosilicate glass capillary (Clark, Pangbourne Reading, England), and the neuropeptides were pressure injected under visual control into one medulla, dorsally and distally to the AMe (Fig. 2) . The region of the AMe can be localized accurately using external landmarks such as the trachea shown in Figure  2 . After the injection the removed piece of cuticle was waxed back, and the animal was returned to the running wheel. Each treatment lasted 10 -15 min. All injections targeted only one optic lobe, whereas the other lobe was left intact. It was known from earlier studies that both bilaterally symmetric pacemakers are tightly coupled in cockroaches (Page, 1981 (Page, , 1985 . This means that any disturbance of one pacemaker will be transferred to the other one and will result in a phase shift of the locomotor activity rhythm (which, therefore, is controlled by both coupled pacemakers together). All experimental animals were kept under constant conditions (DD) before and after the injection.
Because PDH from L. maderae has not been sequenced yet, neuropeptide injections consisted of 10 Ϫ4 -10 Ϫ12 M synthetic Arg 13 -Acheta domestica PDH (NSEIINSLLGLPRVLNDA-amide; generously provided by Dr. K. R. Rao, University of West Florida, Pensacola, FL) in 10% aqueous blue food dye (McCormick, Baltimore, MD), which made the exact site of the injection visible without the need for further neuroanatomical processing of the brain. The purity of the synthetic peptide was examined by HPLC and by quantitative amino acid analysis (performed by R. Rao and associates). A peptide concentration of 10 Ϫ4 M was used for obtaining the phase-response curve. Concentrations of 10 Ϫ8 and 10
Ϫ12 M PDH were also tested to plot the dose-response curve. Each micropipette was calibrated by estimating the injected volume. Droplets were injected into mineral oil before and after the injection to control for changes in tip diameter during penetration of the neurolemma. The injected volume for all 104 injections ranged from 0.5 to 2 nl with a mean Figure 3 . Scatter plot of PDH-dependent phase shifts at different times in the circadian cycle. A, The PDH injections (150 Ϯ 60 fmol in 1.5 Ϯ 0.6 nl of saline, mean Ϯ SD; n ϭ 57) cause maximal phase delays during the late subjective day (Ϫ4.7 hr at C T 8:50) and maximal phase advances during the late subjective night and early subjective day (1.8 hr at C T 18:30). The phase advances were not statistically significant. B, Independent of the time of day, control injections (0.5-2 nl of saline; n ϭ 35) caused only small phase delays and phase advances, which were not statistically significant. Each point represents the phase shift (in circadian hours) resulting from a single injection. Phase advances are always shown as positive values, and phase delays are shown as negative values. dose of 1.5 Ϯ 0.6 (SD) nl. Control injections consisted of 10% aqueous blue food dye without PDH.
RESULTS

Effects of PDH injections on the phase of the circadian locomotor activity rhythm
Control injections of blue food dye caused no significant phase change in circadian locomotor activity or rhythm, regardless of when in the circadian cycle it was injected (Table 1) . Microinjections of synthetic PDH (n ϭ 57) into the medulla resulted in time-dependent phase shifts of the circadian activity rhythm of L. maderae (Figs. 1, 2 , Table 1 ). Maximal phase delays (Ϫ4.7 hr) occurred when PDH was given late in the subjective day (CT 8:50), and maximal phase advances (1.8 hr) occurred with injections late in the subjective night (C T 19:30) (Fig. 3A) . Examination of the 95% confidence intervals (95% CIs) for the phase shifts in different 2 hr bins (see Materials and Methods) indicates that significant peptide-dependent phase shifts occurred at CT 6:00 -14:00 (Table 1, b ). The shifts during the rest of the cycle, including the phase advances, were not significant. This phase dependency was statistically significant ( p Ͻ 0.00005, one-way ANOVA), because PDH-dependent phase delays at C T 8:00 -10:00 were significantly different from PDHdependent phase shifts during other times of the circadian cycle (Table 1, c , Fig. 4 ). In addition, delays induced by PDH injections at C T 8:00 -10:00 and 10:00 -12:00 were significantly different from the effects of the control injections at the same circadian times (Table 1, c,d , Fig. 4) . Effects of control injections in different intervals were not significantly different from each other ( p ϭ 0.7, one-way ANOVA), and in no case were they significantly different from 0 hr ( Table 1) .
Effects of PDH injections on the period of the circadian locomotor activity rhythm
No significant changes in the free-running period (Fig. 1) of individual experimental cockroaches after the injection of either saline or PDH were found ( p ϭ 0.6, one-way ANOVA). The effects observed were always small and included both lengthening (by maximally 0.3 hr) and shortening (by maximally Ϫ0.4 hr) and were independent of the time of injection in the circadian cycle. On average, the mean period (23.4 Ϯ 0.2 hr, mean Ϯ SD; n ϭ 92) was not altered either by PDH or by control injections (0 Ϯ 0.2 hr, mean Ϯ SD; 95% CI, Ϫ0.1 to 0.1 hr; n ϭ 92). In four experiments (as in Fig. 1C ) the period up to 10 days after the injection seemed longer than the average period. However, because of little overall activity after the operation, we were not able to confirm this observation by periodogram analysis.
Dose dependency of PDH-dependent phase shifts
Microinjection of synthetic PDH into the optic lobes of cockroaches at CT 8:00 -10:00 caused phase delays in circadian wheelrunning activity that depended on the dose of PDH injected (Fig.  5) . The phase delays decreased with decreasing amounts of injected PDH. Significant phase delays (Fig. 5, stars) were caused by injection of 150 fmol PDH (Ϫ3.1 Ϯ 0.4 hr; 95% CI, Ϫ4 to Ϫ2.3 hr; n ϭ 11) and 15 ϫ 10 Ϫ3 fmol PDH (Ϫ1.5 Ϯ 0.1 hr; 95% CI, Ϫ1.7 to Ϫ1.4 hr; n ϭ 4). However, injection of 15 ϫ 10 Ϫ7 fmol PDH caused phase shifts (Ϫ0.3 Ϯ 0.2 hr; 95% CI, Ϫ0.7 to 0.2 hr; n ϭ 8) that were indistinguishable from control injections (Ϫ0.2 Ϯ 0.1 hr; 95% CI, Ϫ0.4 to 0.1 hr; n ϭ 35) ( p Ͻ 0.05, one-way ANOVA, Scheffé's multiple range test).
DISCUSSION
Microinjections of the neuropeptide PDH into the vicinity of the AMe, the predicted pacemaker region, resulted in statistically significant phase delays of the circadian wheel-running activity rhythm during the late subjective day. Therefore, the neuropeptide PDH seems to be a component of the circadian system of the cockroach L. maderae.
Our results, together with immunocytochemical studies (Homberg et al., 1991; Stengl and Homberg, 1994; Petri et al., 1995; Reischig and Stengl, 1996) indicate that PDH-immunoreactive processes in the AMe mediate nonphotic inputs into the clock and /or are an integral part of the pacemaking neuronal network. Further neuroanatomical studies on the light and electronmicroscopic level have to decipher the individual branching patterns of individual PDH-immunoreactive neurons with arborizations in the AMe that seem to fulfill these functions.
Dose dependency of PDH-dependent phase shifts
The phase-dependent phase shifts of the locomotor activity rhythm in the late subjective day are specifically dependent on PDH, because they are dose dependent (Figs. 4, 5) and significantly different from control injections. Furthermore, preliminary injections of another peptide (Mas-allatotropin) indicate that different peptides cause completely different phase-response curves (B. Petri and M. Stengl, unpublished observations). The threshold for PDH-dependent phase shifts lies between 0.015 and 1.5 ϫ 10 Ϫ6 fmol of PDH. This seems to be a physiological dose level, because single brains of orthopteromorph insects contain 1.2-50 pmol of PDH, with about 90% of the PDH immunoreactivity concentrated in the optic lobes (Rao and Riehm, 1993; S. Würden, personal communication) .
So far, PDH-related peptides have not been sequenced from L. maderae, but comparison of the primary structure of PDH-related peptides reveals a highly conserved sequence between crustaceans and different insects (Rao and Riehm, 1993) . The PDH, which was biologically active in our experiments (Arg 13 -Acheta domestica PDH), differs only at two amino acid residues (positions 4 and 13) from the PDH of the cockroach Periplaneta americana (Rao and Riehm, 1993) . This suggests that a peptide closely related to the A. domestica PDH is released by the PDH-immunoreactive neurons of L. maderae.
A possible role of PDH-immunoreactive neurons as pacemaker neurons and/or input pathways to the pacemaker
Injection of PDH maximally delays the clock at times of the day when light has only weak effects, and conversely, PDH has no effects at times when light advances the clock (Fig. 6) (Page, 1987; Page and Barret, 1989) . Therefore, it is unlikely that PDHimmunoreactive neurons serve as photic input to the pacemaker.
The phase-response curve obtained after PDH injections is comparable to the nonphotic phase-response curves obtained with serotonin or temperature pulses (Fig. 6) (Wiedenmann, 1977; Page, 1987) . All three phase-response curves are monophasic with the maximal delay region occurring at different times of the late subjective day (Fig. 6) (Wiedenmann, 1977; Page, 1987) . The phase delay amplitude resulting from PDH injections is similar to that caused by serotonin pulses (Fig. 6) (Page, 1987) , but the serotonin curve seems to have a broader peak. This is possibly attributable to different experimental methods. Page (1987) infused doses of serotonin 7 log units higher than the PDH doses used here into the hemolymph during periods of 6 hr. This may have resulted in a broadening of the delay peak. Because an excessive number of indistinguishable 5-HT-immunoreactive neurons occurs in the optic lobes as well as in the midbrain, and because the branching patterns of the individual PDHimmunoreactive neurons are not known, it cannot be discerned whether PDH-and 5-HT-immunoreactive neurons share a common pathway into the AMe and /or whether they share the same postsynaptic neurons in the AMe.
Some PDH-immunoreactive cells seem to have morphologies suitable for providing nonphotic input to the clock, namely input from the contralateral pacemaker. These PDH-immunoreactive neurons with an unknown branching pattern in the optic lobe project through the posterior optic commissure into the contralateral optic lobe and might connect both accessory medullae directly. Current backfills and degeneration experiments combined with immunocytochemistry on the light and electronmicroscopic level indicate that there are projections from the contralateral optic lobe to the AMe and that PDH-immunoreactive neurons form input as well as output synapses in the AMe (T. Reischig and M. Stengl, unpublished observations) . Because both accessory medullae are the presumptive pacemaking centers in the cockroach (Homberg et al., 1991; Stengl and Homberg, 1994; Reischig and Stengl, 1996) , PDH-immunoreactive neurons that anatomically connect both accessory medullae might couple both pacemakers. Previous cooling experiments indicated that both pacemakers are tightly coupled in cockroaches and that coolingdependent phase shifts of one pacemaker are transferred (apparently via neuronal connections) to the contralateral pacemaker (Page, 1981) . The neuronal equivalent of this apparently direct coupling pathway and the mechanisms of coupling remained elusive. The possibility of a subpopulation of PDHimmunoreactive neurons being a neuronal substrate for the so far unknown coupling pathway is supported further by lesion experiments that revealed a correlation between the number of regenerating PDH-immunoreactive commissures and changes in the period of the regained locomotor activity rhythm (Homberg and Stengl, 1994) . The shortening of the period of the regained Figure 6 . Phase-response curves for different phase-shifting signals in L. maderae. The phase-response curve for PDH is similar in shape to the phase-response curve obtained for low temperature pulses (cold) (Wiedenmann, 1971) and serotonin infusions (5-HT ) (Page, 1987) , but it is different from that obtained with light pulses (light) (Page and Barret, 1989) .
locomotor activity rhythm in animals with supernumerary regenerated PDH-immunoreactive commissures (Stengl and Homberg, 1994) agrees with previous experiments showing that both pacemakers together generate a shorter period of the locomotor activity rhythm compared with a single pacemaker (Page, 1978) .
The data presented in this study do not reveal whether PDHimmunoreactive neurons act only upstream of the pacemaker or whether they are also an integral part of the endogenous oscillator. Because in Drosophila melanogaster PDH-immunoreactive cells contain essential molecular components of the pacemaker, and they seem to be necessary for the expression of circadian locomotor rhythms, it might be possible that PDH-immunoreactive cells are pacemaker neurons per se in insects (Helfrich-Förster and Homberg, 1993; Hall, 1995; Helfrich-Förster, 1995 , 1997 HunterEnsor et al., 1996) . Thus, it needs to be tested whether individual PDH-immunoreactive neurons are able to generate circadian membrane and action potential rhythms (R. Lösel, B. Petri, M. Stengl, and U. Homberg, unpublished observations), as has been shown for mollusk and vertebrate pacemaker cells (Michel et al., 1993; Welsh et al., 1995) .
In conclusion, this study presents the first direct physiological evidence of the circadian function of the neuropeptide PDH. This as well as several other lines of evidence suggest that PDHimmunoreactive neurons with their primary arborization area in the AMe are a nonphotic input into the clock and /or circadian pacemakers per se in the cockroach L. maderae.
